KcsA is a prokaryotic pH-dependent potassium (K) channel. Its activation, by a decrease in the intracellular pH, is coupled with its subsequent inactivation, but the underlying mechanisms remain elusive. Here, we have investigated the conformational changes and equilibrium of KcsA by using solution NMR spectroscopy. Controlling the temperature and pH of KcsA samples produced three distinct methyl-TROSY and NOESY spectra, corresponding to the resting, activated, and inactivated states. The pH-dependence of the signals from the extracellular side was affected by the mutation of H25 on the intracellular side, indicating the coupled conformational changes of the extracellular and intracellular gates. K þ titration and NOE experiments revealed that the inactivated state was obtained by the replacement of K þ with H 2 O, which may interfere with the K þ -permeation. This structural basis of the activation-coupled inactivation is closely related to the C-type inactivation of other K channels.
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potassium channel | solution NMR | gating | inactivation K csA is a pH-dependent potassium (K) channel from Streptomyces lividans. Its crystal structure provided the structural basis for the permeation and the selectivity for K þ ions (1) . It forms a homotetramer, in which the transmembrane region of each subunit is composed of three helices, referred to as the outer, pore, and inner helices, respectively (1) . The C termini of the four inner helices in the KcsA tetramer tightly interact with each other, forming a helix-bundle crossing. A selectivity filter, consisting of the highly conserved TVGYG sequence that follows the pore helix, resides on the extracellular side of the K þ -permeation pathway.
The macroscopic current behavior of KcsA can be described by dividing it into four stages (2-4): (i) no K þ current is observed when the pH on the intracellular side is neutral (the resting state); (ii) the maximum peak current is observed within a few tens of milliseconds after the intracellular pH drops below 5.0 (activation); (iii) the current exponentially decays with a time constant of a few seconds (inactivation), until it reaches the stationary K þ current, about 10-20% of the peak current; and (iv) the current stops within a few tens of milliseconds after the intracellular pH returns to neutral. The activation and subsequent inactivation are referred to as activation-coupled inactivation, which is also observed for the eukaryotic voltage-dependent K (Kv) channels (2) (3) (4) . In vertebrates, the inactivation of Kv channels is important for determining the action potential duration and the shape and characteristics of any action potential plateau (5) . Therefore, KcsA would serve as a good prototype of Kv channels, and a structural analysis of KcsA could clarify the mechanism of the Kv channel function, including the activation-coupled C-type inactivation.
At the molecular level, these electrophysiological properties of KcsA are explained by the transitions between the resting, activated, and inactivated states. These states are distinguished by the conformations of the two gates within KcsA: One resides on the intracellular side of the transmembrane region, including the helix-bundle crossing (intracellular gate), and the other is on the extracellular side, including the selectivity filter (extracellular gate). The crystal structure under neutral conditions revealed that, in the resting state, the intracellular gate is closed and the extracellular gate is open (1) . Under acidic conditions, the intracellular gate is considered to be open, based on various analyses including EPR, fluorescence, diffracted X-ray tracking method, and NMR (6-10), while the extracellular gate is proposed to exist in an equilibrium between the open and closed conformations, based upon the results from mutational and electrophysiological analyses (3, 4) . Together, the activated and inactivated states are considered to be as the states under acidic conditions, where the extracellular gate is open and closed, respectively, while the intracellular gate is open. Although quantitative characterization of the dynamics as well as structural information about the two gates is requisite to understand the gating of KcsA, little is known about the conformational changes and dynamics of the extracellular gate.
In this study, we analyzed the conformational changes and equilibrium within KcsA by using solution NMR spectroscopy. Using a KcsA sample prepared in dodecyl maltoside (DDM), we successfully observed three different spectra, corresponding to the resting, activated, and inactivated states, at different pH values and temperatures. The NMR spectroscopic results reported here provide the structural basis for the dual gate properties, including the activation-coupled inactivation, which is applicable to the C-type inactivation of eukaryotic Kv channels.
Results
The pH-Dependent Spectral Changes in the Methyl-TROSY Spectra of KcsA. In order to obtain structural probes that are widely distributed on the protein structure, we utilized the methyl-TROSY technique (11) , in which the methyl groups of Ile δ1, Leu δ1∕2, and Val γ1∕2 are selectively labeled with 1 H and 13 C in an otherwise highly deuterated background (12, 13) . KcsA possesses 3 isoleucine, 24 leucine, and 16 valine residues in its primary sequence of 160 residues, thus providing 83 probes in the methyl-TROSY spectrum.
At 45°C in the presence of 120 mM K þ , KcsA in the DDM micelles exhibited different methyl-TROSY spectra at pH 6.7 and 3.2 ( Fig. 1 A and B) , where some weak signals that do not correspond to those observed at pH 6.7 were observed at pH 3.2 (Red Arrows in Fig. 1B inset and Table S1 ). As the pH decreased, a set of signals decreased the intensities to zero, and another set of signals showed up and increased their intensities, preventing the transfer of the assignments from one state to the other by the pH titration experiments. Therefore, the assignments of the signals were independently accomplished at pH 6.7 and 3.2, by site-directed mutagenesis (14) , with the aid of intraresidual NOE information (15) . 61 and 66 methyl groups among the 83 methyl groups from all of the Ile (δ1), Leu, and Val residues were assigned at pH 6.7 and 3.2, respectively (Table S1 ). The two methyl groups of the leucine and valine residues, which were not stereospecifically assigned, were distinguished by the labels (A) and (B), based on their 13 C chemical shift values (Table S1 ). Under acidic conditions, the minor signals of L59 δðAÞ and δðBÞ, V76 γ(A) and γ(B), L81 δðAÞ, V84 γ(B), and L86 δðAÞ were assigned in a similar way. The exchange between these minor peaks and the corresponding major signals was also confirmed by the 13 C-edited EXSY-HMQC spectrum (Fig. S1) , in which the higher intensities of the cross peaks than those of the auto peak and the temperature dependence of the cross peak intensities indicated that the cross peak is due to chemical exchange, and not to an NOE.
The intensities of the signals observed at 45°C in the presence of 120 mM K þ under neutral conditions were decreased at a lower pH, reflecting the decrease in the population of the corresponding conformation. To investigate the pH-dependence of this transition, the intensities were plotted against the pH, for representative residues in the transmembrane region, containing the extra-and intracellular gates, and the cytoplasmic region ( Fig. 1  C and D) . Fitting of the data to the Hill equation generated the pH 1∕2 value of 5.0 AE 0.3, at which the intensity of a signal becomes half of that observed at pH 6.7, and the Hill coefficient value of 4.2 AE 1.1 for the signals from the transmembrane region (average of L59 δðBÞ, V76 γ(B), V91 γ(A), and L105 δðBÞ). Meanwhile, the signals of the residues in the cytoplasmic region exhibited a larger pH 1∕2 value of 6.4 AE 0.4 and the equivalent Hill coefficient of 1.9 AE 0.1 (average of V126 γ(B) and L155 δðAÞ). These results indicated that the whole transmembrane region changes the conformation cooperatively, which is independent of the cytoplasmic region.
Conformational Equilibrium Under Acidic Conditions in the Presence of K þ Ions. The residues L59, V76, L81, and L86, which exhibit two slowly exchanging signals under acidic conditions (pH 3.2) at 45°C in the presence of 120 mM K þ , are located on the extracellular side of the transmembrane region (Fig. S2) . It should be noted that the signal splitting was not observed for the signals from the intracellular region. The methyl groups with the largest chemical shift difference between the two signals are γ(A) and γ(B) from V76, which resides in the selectivity filter. As the temperature was decreased from 45 to 20°C by 5°C steps, the intensities of these minor signals at 45°C increased, while the intensities of the corresponding major signals decreased ( Fig. 2A) . Almost equal intensities between these signals were observed at 30°C.
To investigate the nature of these two slowly exchanging conformations on an NMR chemical shift time scale, the methyl-TROSY spectra were compared between the E71A and Y82A mutants. The E71A mutant is known as a noninactivating mutant, whereas Y82A is more deeply inactivated even under acidic conditions, where the intracellular gate is open (3) . Fig. 2B shows that the signals from the E71A mutant at 25°C correspond to the major wild-type signals present at temperatures higher than 30°C ( Fig. 2A , four left panels), while the spectrum of the Y82A mutant at 25°C showed two sets of peaks, as observed for the wild type at 25°C. The populations of one of the signals of V76 γ(B) (−0.13 and 17.7 ppm for 1 H and 13 C, respectively) at 25°C were Three different methyl-TROSY spectra were observed, corresponding to the three states of KcsA under the conditions indicated in parentheses in the presence of 120 mM K þ : the resting (pH 6.7, 45°C), activated (pH 3.2, 45°C), and inactivated (pH 3.2, 25°C) states. We then carried out chemical shift perturbation (CSP) analyses to investigate the conformational changes of KcsA upon activation and inactivation.
To compare the conformations between the resting and activated states, the CSPs between these states were calculated and mapped on the structure (Fig. 3 ). The residues with methyl groups that were perturbed by more than 0.2 ppm were L24, L40, V95, I100, L105, and L155, and those with methyl groups perturbed between 0.1-0.2 ppm were V39, L59, V70, V76, V91, V126, and L151. These residues are widely distributed in the transmembrane region, and they include some within the extracellular gate (L59, V70, and V76) and the intracellular gate (L24 and L105). The most largely perturbed groups, V95 γ(A) and I100 δ1, are about 10 Å or farther away from the nearest Asp, Glu, or His residue, which is protonatable between pH 6.7 and 3.2, where the distances are 9.8 Å between V95 Cγ1 and E71 Cδ in the same subunit and 12.1 Å between I100 Cδ1 and E71 Cδ in the neighboring subunit. Therefore, the observed CSPs reflect the conformational change of the transmembrane region, rather than the protonation of the neighboring residues.
To compare the conformations between the activated and inactivated states, the CSPs between these states were calculated. Among all the assigned signals, V76 γ(A) and γ(B) exhibited the largest CSP values of 0.38 and 0.36 ppm, respectively, whereas the others were less than 0.1 ppm. Notably, V76, which is located in the selectivity filter, exhibited a significant CSP upon both activation and inactivation (Table S1 ). In order to investigate the conformational changes of the selectivity filter, the NOE patterns of V76 γ(B) were compared among the three states. We prepared a Tyr-selectively 1 H-labeled deuterated sample together with 1 H and 13 C labels of the Leu and Val methyl groups, fu-2 H; Leu∕Val-½ 13 CH 3 ; 12 CD 3 ; Tyr-1 Hg KcsA, as we expected NOE cross peaks between V76 and Y78, which is located in close proximity to V76 in the crystal structure at neutral pH. The 1 H-1 H 2D planes of 13 C-edited NOESY-HMQC spectra were acquired in the resting, activated, and inactivated states (Fig. S3) . The cross peaks from Y78 were confirmed by the corresponding spectrum of the Y78F mutant. Furthermore, Hδ and Hε of Y78 were distinguished by using 2 Hδ Tyr and 2 Hε Tyr, instead of u-1 H Tyr (Fig. S3) .
In the resting and activated states, NOE cross peaks from Y78 Hδ and Hε were observed for V76 γ(B), each of which was also observed, when 2 Hε or 2 Hδ Tyr labeled KcsA were used, respectively ( Fig. S3 A and B) , indicating that Hδ and Hε are both proximal to V76, although the spin diffusion should occur in 1 H Tyr labeled KcsA. Using the coordinates of hydrogen atoms generated from the crystal structure under neutral conditions (PDB ID: 1K4C), the distances from the average positions of Y78 Hδ1∕2 and Hε1∕2 to that of V76 Hγ1 are 3.9 and 3.4 Å, respectively, whereas those to V76 Hγ2 are 6.7 and 5.6 Å, respectively. This indicates that the NOE cross peaks reflect the conformation of the selectivity filter in the crystal structure.
In the inactivated state, the cross peak between V76 γ(B) and Y78 Hδ was also observed for 1 H Tyr labeled KcsA (Fig. S3C , lower left). However, while the NOE cross peak from Y78 Hδ to V76 γ(B) was observed for 2 Hε Tyr labeled KcsA, deuteration of Y78 Hδ diminished the cross peak of Y78 Hε to V76 γ(B) (Fig. S3C) and Y78 Hε becomes longer upon transition from the activated to the inactivated state.
These CSP and NOE results indicated that the selectivity filter forms distinct conformations in the resting, activated, and inactivated states.
Activation is Triggered by the Protonation of H25. We explored the residue(s) critical for the pH-dependent conformational change of the extracellular gate. Because Asp, Glu, and His residues could exhibit pK a values corresponding to the pH 1∕2 values of the pH-dependent conformational changes of the transmembrane region (5.0), we analyzed the effects of mutating these residues on the pH-dependent conformational changes of the extracellular gate, as monitored by the signals from V76 γ(B) and L59 δðBÞ (Fig. S4) .
The chymotrypsin-treated KcsA (residues 1-125, referred to as KcsA Δ126), including the entire transmembrane region (1) and retaining the same pH-dependent channel activity as the fulllength KcsA (6, 16) , exhibited the pH-dependent spectral change between the resting and activated states, which was essentially identical to that of the full-length KcsA (Fig. S4A) . Therefore, we prepared alanine mutants of each of the Asp, Glu, and His residues within residues 1-125: H20, H25, E51, E71, D80, E118, E120, and H124 (Fig. S4B) . Unfortunately, the mutations of residues E51 and D80 severely affected the expression levels of the proteins, and thus these residues were excluded from further analyses. The NMR signals from the extracellular gate, V76 γ(B) and L59 δðBÞ, showed similar pH-dependence among all of the prepared mutants, except for the H25A mutant, indicating that the protonation of these mutated residues has essentially no effect on the pH-dependent conformational changes (Fig. S4A) . On the other hand, the H25A mutant exhibited both signals, corresponding to the resting and activated states of the wild type, indicating a decrease in the pH 1∕2 value, as compared to the wild type (Fig. S4A, Green Arrows) . Therefore, the protonation of H25, which resides on the cytoplasmic side of the transmembrane region, has an important effect on the pH-dependent conformational change of the extracellular gate.
Interaction of K þ and H 2 O with the Selectivity Filter. Thus far, we had investigated the pH and temperature dependence of KcsA at the constant K þ concentration of 120 mM. Next, to determine the effect of K þ on the selectivity filter, K þ titration experiments were conducted at pH 6.7 and 3.2, at 45°C, in the presence of 10 mM Na þ as the counter cation of the phosphate (Fig. 4) . At both pH conditions, the removal of K þ was accompanied by large CSPs. Because the sample was unstable at Na þ concentrations below 130 mM and in the absence of K þ , the ionic strength of the buffer was not kept constant in the series of K þ titrations. Instead, we confirmed that a similar spectral change occurred in the presence of 120, 90, 60 mM K þ and 10, 40, 70 mM Na þ , respectively, indicating that the observed spectral changes in Fig. 4 were not due to the difference in the ionic strength, but to the change in the K þ concentration (Fig. S5) . Interestingly, the signals observed in the K þ -bound and unbound states at pH 3.2 correspond to those from the open and closed conformations, respectively, of the extracellular gate (Fig. 4C) , indicating that the conformational changes of the extracellular gate (Fig. 4B) occur together with the association and dissociation of K þ ion(s) in the selectivity filter. Next, we calculated the apparent dissociation constants (K d ) by using the relative signal intensity of the signal from V76 γ(B) in the K þ -bound state, observed upon K þ titration. Fitting the data with a Hill equation yielded the K d value of 6.1 mM and the Hill coefficient of 1.0 at pH 6.7, whereas the K d value and the Hill coefficient were 50.1 mM and 2.8, respectively, at pH 3.2, indicating that the affinity of K þ to the selectivity filter decreased about 8-fold upon the transition from the resting state to the activated state (Fig. 4D) .
NOESY analyses were conducted in order to investigate the interaction of H 2 O with the selectivity filter. Fig. 5 shows the NOESY spectra of fu-2 H; Leu∕Val-½ 13 CH 3 ; 12 CD 3 ; Tyr-1 Hg KcsA, recorded in the presence of 120 mM K þ and 90% H 2 O. In the resting and activated states, no NOE peak was observed between V76 γ(B) and H 2 O, whereas an NOE cross peak with H 2 O was observed for V76 γ(B) in the inactivated state. Then, we performed the NOE experiment at 30°C, where the activated and inactivated states are observed simultaneously (Fig. S6) . In the spectrum, an NOE to water was observed only for the signal from the inactivated state, and not from the activated state, indicating that the NOE is not due to the slower water exchange at lower temperature, but to the binding of water to the selectivity filter only in the inactivated state. In the resting state, the NOE pattern of V76 γ(B) with Y78 was unchanged in the presence or absence of H 2 O. However, the relative intensities of the cross peaks from Y78 Hδ and Hε became reversed in the activated state, and the cross peak from Y78 disappeared in the inactivated state, in the presence of H 2 O. It should be noted that the magnetization transfer pathway might be altered by the presence of H 2 O in the activated and inactivated states. spectroscopic properties that reflect its electrophysiological behaviors. Large spectral changes of methyl-TROSY were observed between the resting (pH 6.7, 45°C) and activated (pH 3.2, 45°C) states in the presence of 120 mM K þ (Figs. 1 and 3) , with the typical pH 1∕2 value of 5.0 for the transmembrane region (Fig. 1C) that corresponds well to the electrophysiological pH 1∕2 (3, 4) . Furthermore, the Hill coefficient of 4.2 for the transmembrane region suggests a cooperative conformational change between subunits, corresponding to the previous electrophysiological reports (4, 17) . The differences in the pH 1∕2 and Hill coefficient values between the cytoplasmic and transmembrane regions suggest that the cytoplasmic region changes its conformation independently from the transmembrane region, consistent with the notion that the deletion of this region does not greatly affect the channel activity (6, 16) . These results strongly suggest that the conformational changes, reflecting the activation of the channel, are induced upon the pH change.
Under acidic conditions, KcsA exists in an equilibrium between the activated and inactivated states, which provided the distinct NMR signals of the extracellular gate simultaneously in the presence of 120 mM K þ at 25-45°C at pH 3.2 ( Fig. 2) , indicating that under the conditions the exchange between these conformations occurs more slowly than the difference in the resonance frequencies of the corresponding signals. Therefore, we conclude that KcsA in DDM micelles possesses the structural and dynamic integrity of the channel.
Inactivation Gating Mediated by H 2 O in the Selectivity Filter. We found that the open and closed conformations of the extracellular gate, observed under acidic conditions, are the two discrete conformations of the selectivity filter, corresponding to the K þ -saturated and K þ -depleted conformations, respectively (Fig. 4C) . Indeed, the populations of the open and closed conformations are influenced by the K þ concentration, as shown in the K þ titration experiment conducted at pH 3.2 and 45°C (Fig. 4B) . The crystal structures obtained with high-K þ (200 mM) and low-K þ (2 mM) concentrations were reported under neutral conditions, where the structural differences were discussed (18) . However, it should be noted that the chemical shifts and NOE patterns of the extracellular gate, as well as the effect of K þ on these NMR signals, are different between the neutral and acidic conditions (Fig. 4 and Fig. S3 ), suggesting that the conformational change between the activated and inactivated states that occurs under acidic conditions might be different from that observed between the high-K þ and low-K þ crystal structures under neutral conditions. The pH-dependent difference of the K þ effect on the conformation of the extracellular gate might be due to the coupling of the intracellular and extracellular gates (SI Discussion), since the intracellular gate adopts different structures at neutral and acidic pH values. Another significant difference between the two conformations is the binding mode of H 2 O. An NOE signal between V76 γ(B) and H 2 O was observed in the inactivated state but not in the activated state (Fig. 5) . It should be noted that the detection of the NOE cross peaks between water molecules and proteins is fraught with a number of problems, one of which is the residence time of water molecules (19) . In case that a water molecule is bound to a large protein, such as KcsA, with a correlation time in the spin-diffusion limit, the NOE between protons of the water molecules and the protein will be positive and negative for the residence time of the water molecule shorter and longer than ∼300 ps, respectively (20) . Therefore, the observation of a negative NOE signal, whose sign is the same as that of the diagonal peaks, with water from V76 γ(B) only in the inactivated state revealed that, in the inactivated state, at least one water molecule is trapped in the vicinity of V76 γ(B), with a residence time longer than 300 ps. In the activated state, where no NOE with water was detected for V76 γ(B), the water molecules near V76 γ(B) may be rapidly exchanging with the bulk water, with the residence time shorter than 300 ps.
Taken together, these results indicate that the inactivated state is achieved by the conformational change of the selectivity filter, together with the elimination of K þ ions and the association of H 2 O molecule(s). Considering the distance from the V76 γ methyl group, the carbonyl group of V76 seems to form hydrogen bonds with the H 2 O molecule in the selectivity filter. Based on the molecular dynamics simulation, K þ ions stay at each of the K þ binding sites in the selectivity filter for several tens to a few hundreds picoseconds before they finally permeate through the selectivity filter (21) . Therefore, the residence time of the water molecules shorter than 300 ps might be beneficial for the efficient K þ permeation. On the other hand, the bound water molecule in the inactivated state, which resides within the selectivity filter for longer than 300 ps, might interfere with the efficient K þ permeation.
Molecular Basis of the Activation-Coupled Inactivation. The spectroscopic evidence obtained here provides the molecular basis of the activation-coupled inactivation of KcsA. Under neutral conditions, where KcsA is in the resting state, the selectivity filter possesses higher affinity for K þ ions (the K d value of 6 mM at 45°C), which is consistent with the previous NMR results, using the KcsA sample in sodium dodecyl sulfate (SDS) micelles (22) . This affinity enables the cell to retain K þ ions when the extracellular K þ concentration is low.
With a change to acidic conditions, the protonation of H25 triggers the opening of the intracellular gate, which is coupled with the initiation of the equilibrium between the open and closed conformations of the extracellular gate (SI Discussion). This transition reduces the affinity of KcsA for K þ ions, enabling the K þ -eliminated, H 2 O-bound inactivated state. The equilibrium is initiated from the open conformation by keeping K þ ions in the extracellular gate, thus accounting for the strong peak current upon activation and its subsequent decay, and then the steady state of the equilibrium between the K þ -bound activated state and the H 2 O-bound inactivated state is reached.
When the intracellular pH returns to neutral, the K þ current halts by the closing of the intracellular gate, which is coupled with the conformational change of the extracellular gate. Then, the extracellular gate releases the bound H 2 O and catches the K þ ion, finally returning to the resting state. The peak current is reportedly impaired when the interval between the deactivation and reactivation is less than a few seconds (2, 4), which might be the necessary dead time to restore the initial state, where all of the KcsA tetramers release H 2 O and catch K þ ions in the selectivity filters.
The electrophysiological properties of KcsA are similar to those of eukaryotic voltage-gated K þ (Kv) channels in the following points: (i) The peak current and the subsequent inactivation are observed upon activation (activation-coupled inactivation).
(ii) It takes a few seconds to return from the inactivated state to the resting state that enables the maximum peak current upon activation (23) . (iii) The inactivation rate decreases as the concentration of K þ ion increases (24) . Together with the structural conservation of the selective filter, the molecular bases of these features, revealed here in terms of the affinity for K þ and H 2 O, also seem generally applicable to the eukaryotic Kv channels.
Materials and Methods
Construction and Sample Preparation. The plasmid bearing the N-terminally decahistidine tagged wild-type KcsA was constructed as described previously (9) . All KcsA mutants were constructed by PCR mutagenesis, using this plasmid as the template. For the 1 H and 13 C labeling of the Ile δ1, Leu δ1∕2, and Val γ1∕2 methyl groups with a deuterated background, the protocol established by Kay's group (25) was utilized. Wild-type and mutant KcsA proteins were expressed and purified as reported previously (9) . The chymotryptic cleavage of KcsA was conducted using chymotrypsin-immobilized agarose resin (Sigma). In brief, the resin was added to the sample and incubated overnight at room temperature with gentle tumbling. After confirming the selective and complete cleavage by SDS-PAGE, the resin was pelleted by centrifugation and the cleaved C-terminal polypeptide was removed by ultrafiltration.
NMR Spectroscopy. All NMR spectra, except for the K þ titration, were recorded in buffer containing 10 mM K 2 HPO 4 and 100 mM KCl, in 100% D 2 O or 10% D 2 O∕90% H 2 O, at the indicated temperatures and pHs. For the K þ titration experiments, the sample was prepared using the buffer containing 10 mM NaH 2 PO 4 in 100% D 2 O at the indicated pH, and the same buffer containing 1-3 M KCl was used for titration. The concentration of KcsA was 400 μM (100 μM as a tetramer), whereas that of DDM was 5 mM, as estimated from the signal intensity of the DDM signals in 1 H 1D NMR spectra. For the 100% D 2 O samples, the pH values were calibrated by adding 0.4 pH unit to the reading on the pH meter (26) . When needed, the tail-deuterated DDM (Anatrace) was used. Experiments were performed on Bruker Avance 500, 600, and 800 MHz spectrometers equipped with a cryogenic probe.
Assignments of the signals in the methyl-TROSY spectra were achieved mainly by site-directed mutagenesis. All Leu, Val and Ile residues in KcsA were mutated to Ile (for Leu/Val) or Val (for Ile) one by one, and the methyl-TROSY spectra of each mutant were compared to the wild-type spectra obtained at pHs 6.7 and 3.2. Methyl-methyl NOE cross peaks within residues (15) , observed in the 13 C-edited NOESY HMQC of fu-2 H; Leu∕Val-½ 13 CH 3 2 g labeled KcsA, were also utilized to identify the pair of diastereotopic methyl groups within a Leu or Val residue.
13 C-edited NOESY/EXSY HMQC were acquired on a Bruker Avance 800 MHz spectrometer equipped with a cryogenic probe. To obtain the intraresidual methyl-methyl NOE cross peaks, measurements were conducted at 45°C and pHs 6.7 and 3.2, using a mixing time of 200 ms. To obtain the NOE cross peaks between protons in the methyl groups and those in Tyr, measurements were conducted using a mixing time of 50 ms.
